Background/objective: The aim of this study was to evaluate the efficacy of tooth alignment with conventional and self-ligating labial and lingual orthodontic bracket systems. Limitation: This is a lab-based study with different labial and lingual bracket slot sizes (however they are the commonly used ones in clinical orthodontics) and study did not consider saliva, periodontal ligament, mastication and other oral functions. Conclusions: The effectiveness of lingual brackets in correcting vertical and anteroposterior displacement achieved during the initial alignment phase of orthodontic treatment is lower than that of the effectiveness of labial brackets.
Introduction
Over the recent years, the number of individuals receiving orthodontic treatment have shifted from essentially children to a notably increased number of adults. The advent of aesthetic appliances has influenced this increase in the acceptability of orthodontic care for adults partly. A high standard of an efficient orthodontic treatment is an optimum goal. The literatures have outlined different indicators of orthodontic appliance efficiency. These indicators including but not limited to the speed of tying orthodontic wires, doctor time (1), the time needed to complete alignment of crowded teeth (2) , orthodontic treatment duration, or the number of visits (3, 4) .
The importance of treatment efficiency arises from the fact that treatment duration is a concern for many orthodontic patients who want to know for how long they will wear the braces as well as for clinicians who want to ensure efficient office management (5, 6) .
The lingual orthodontic bracket systems have received an increasing popularity and may represent a unique solution that does not impair the patient's aesthetics (7) . The optimum aesthetic requirement of orthodontic appliance may be achieved by the use of lingual appliances (7, 8) . Lingual orthodontic brackets have been introduced in the 1970s (9, 10) . A fully customized lingual orthodontic appliance was introduced afterwards (11) , and its results have been shown to be comparable to those of labial and regular lingual appliances (12) . However, there is evidence that the teeth lingual surfaces are more resistant to dental caries compared to labial surfaces (13, 14) .
The introduction of labial and lingual self-ligating brackets was initially aimed to provide biologically acceptable orthodontic forces and/or to provide more controlled tooth movement compared to those provided with conventional orthodontic bracket systems (15) (16) (17) (18) . Many studies have shown a significant decrease in ligation time of the labial self-ligating brackets than wire ligation of conventional brackets (19) (20) (21) . On the other hand, it has been reported that lingual self-ligating brackets may decrease the chairside time needed to change archwires more than that needed to change archwires with labial self-ligating appliance (22) .
In addition, lingual technique has been considered to be a difficult technique, as it requires special experience and achieving first-and third-order tooth movements is very difficult due to the difference of the anatomy of the lingual surfaces (23), lingual appliances require more chair-side time than with labial bracket systems and in general, longer treatment times are experienced with lingual orthodontic systems than with labial orthodontic brackets systems (24) . The main problem in the biomechanics of lingual orthodontics is the short interbracket distance (25) . This means that for any wire, the smaller the interbracket distance, the stiffer the wire. Other problems related to finishing orthodontic cases using lingual appliances have also been reported to be dealt with by improving bracket positioning, customized archwires and minimizing play between archwire and bracket slot (26) .
Superelastic NiTi wires have gained rapid popularity for use in orthodontics and are reported to be more effective and efficient than any alternative wires in the initial treatment phase (27) . Theses wires can take advantage of unique properties, including large elastic deflections, relatively constant forces, and thermal or shape-memory effects (27) (28) (29) . The purpose of this study was to evaluate the effectiveness of the correction of vertical and anteroposterior orthodontic tooth malposition by different conventional and self-ligating labial as well as lingual bracket systems.
Material and methods
The tested labial orthodontic brackets included: (1) (30) , and many other countries. Two Thermalloy NiTi archwires 0.013-in and 0.014-in were used for all brackets. The transition temperature range (TTR) of thermalloy is 80-90° F (26.7-32.2°C). Regular archwires were applied for labial brackets and mushroom shaped lingual archwires were used with the lingual brackets (RMO, Denver, Colorado). Table 1 shows description and the mesiodistal widths of the tested brackets in this study.
Acrylic resin models (Palavit G 4004; Heraeus Kulzer, Hanau, Germany) were fabricated from a self-cured acrylic resin (Frasaco, Tettnang, Germany) of a normal maxillary arch. Then, the upper right central incisor was eliminated from each model to allow for the use of a sensor of the custom made orthodontic measurement and simulation system (OMSS) (31, 32) . The OMSS consists of two sensors that can measure forces and moments in the three dimensions (31, 32) . These two sensors are incorporated on motor-driven stages that can be adjusted to move in three planes of space. The experiment was controlled via commands that were provided by a personal computer to the OMSS. The setup for measurements has been described before (33, 34) .
The simulated tooth movement was performed to correct the displaced upper central incisor and the forces were measured in each of the vertical and anteroposterior positions. In addition, a calculation of the tooth movement vector was mathematically analyzed considering the centre of resistance of the upper central incisor tooth to be located at 10 mm apically from the centre of the brackets and was located 4.5 mm palatally from the point of application of force (31) . The tooth movement vector was divided into 0.01 mm (0.01 degrees) increments that were achieved by the motor-driven stages. Tooth movement was then stopped at the end of each increment, and the force was then remeasured. This cycle was repeated up to 200 times or when the central incisor position was corrected where no force or moment was detected at the bracket sensor. The proportion of the performed movement to the initial malposition was considered as the efficacy of each archwire/bracket combination to correct the misplaced central incisor (33) .
Statistical analysis was performed utilizing Mann-Whitney U test to evaluate any statistical significant differences between each wire/bracket combinations as well as Bonferroni correction was used to detect difference for multiple analyses. Significance difference was set at 0.05. Statistical analysis was performed using the statistics package SPSS ® for Windows (Version 22, IBM, Armonk, New York) and graphics and statistics software Excel Version 2007 (Microsoft, Redmond, Washington).
Results
All the achieved corrections of the upper incisor malposition by the 0.013″ and 0.014″ Thermalloy NiTi wires with the labial and lingual brackets are presented in Figure 1A In the vertical direction (x-axis, intrusion/extrusion), the largest corrections (Table 2) were observed with SPEED bracket system with 0.013″ Thermalloy wires (95%) and with both SPEED and Ortho Classic bracket systems 87 per cent with 0.014″ Thermalloy wires, respectively. The lowest corrections in the intrusion/extrusion direction were obtained by lingual brackets Evolution SLT 25 per cent with 0.013″ and 29 per cent with 0.014″ Thermalloy wires.
In the protrusion/retrusion direction, the largest corrections were obtained by Damon-Q 138 per cent with 0.013″ Thermalloy wires and 129 per cent with 0.014″ Thermalloy wires. The lowest correction in the protrusion/retrusion direction were obtained by lingual brackets GAC In-Ovation®LM 12 per cent with 0.013″ and by Incognito 35 per cent with 0.014″ Thermalloy wires. Figure 1A and B show the inconsistent differences between conventional brackets and active or passive self-ligating brackets. For both 0.013″ and 0.014″ Thermalloy in the x and z-axes, for example the correction with Damon was 138 per cent compared to 127 per cent with SPEED in the z-axis with 0.013″ Thermalloy. On the other hand, some passive SL brackets showed less correction than active labial SL brackets (e.g. the correction with FLI ® SL was 96 per cent compared to SPEED was 127 per cent in the z axis with 0.013″ Thermalloy). In addition, some active SL brackets showed less correction than some conventional brackets (e.g. the correction with Evolution SLT was 39 per cent compared to 45 per cent with Joy with 0.014″ Thermaloy in the z-axis).
Also, there were insignificant differences (P > 0.05) between some active self-ligating (GAC In Ovation ® C) or passive self-ligating brackets (FLI ® SL) and conventional brackets (GAC Twin) ( Table 2) . Also, SPEED and passive self-ligating brackets (Ortho Classic) showed significant differences (P < 0.05) compared with another self-ligating (GAC In Ovation ® C/Damon-Q) or conventional brackets (GAC Twin). Also, lingual bracket systems showed similar inconsistencies.
Discussion
Although the in vitro study does not simulate the oral cavity environment in all aspects, in vitro studies can provide proof of principle in today's epoch of evidence-based dentistry. The OMSS, made it possible to analyze orthodontic tooth movement dynamically (31) .
In this study, we evaluated the differences between the amount of tooth alignment achieved by labial and lingual brackets during the initial levelling phase with 0.013″ and 0.014″ NiTi Thermalloy wires with different active self-ligating, passive self-ligating and conventional brackets. The commonly used wires in levelling and alignment phases is either 0.013″ or 0.014″ NiTi wires. It is to be noted that also some clinicians may start orthodontic levelling and alignment phase using 0.016 NiTi wires, depending on the severity of crowding/archwire displacement. In our study, we have utilized 0.013″ and 0.014″ Thermalloy wires, which to our best knowledge are the commonly utilized initial levelling wires.
Labial brackets showed significantly increased efficacy of alignment correction than what was achieved with lingual brackets. Both conventional and self-ligating (passive or active) brackets showed higher correction compared to lingual brackets. This could be due to the smaller the wire lengths in between brackets in the case of lingual brackets relative to those of the labial brackets in general (Table 1) . Reducing the interbracket length of the wires decreases the archwire springiness and its range of action (35) . According to Burstone (27) when the interbracket distance with lingual appliance reduced from 8 to 4 mm the stiffness is inversely proportional to L 3 . Therefore, the stiffness of the lingual to labial is 8 3 /4 3 = 8. That means, a 50 per cent reduction in wire length leads to 800 per cent the Stiffness (27) .
In addition, this may be due to the bracket slot dimension difference (0.022″ for the labial brackets and 0.018″ for the lingual brackets). It is known that with a small bracket slot, it is expected to have the less play between the archwire and the bracket and higher forces are expected with lingual brackets than with labial brackets. We have selected the lingual brackets (0.018″ slot) and labial brackets (0.022″ slot) as they are the most commonly used brackets slot sizes in the USA, UK (30) as well as expected to be the same in other countries.
A previous study measured the efficiency with different selfligating and conventional labial brackets and reported that the tooth (Table 2) . Another active self-ligating (SPEED) and passive self-ligating brackets (Ortho Classic) showed significant differences (P < 0.05) compared with another self-ligating (GAC In Ovation ® C/Damon-Q) or conventional brackets (GAC Twin). These differences could be due to the design, material of each bracket as well as the difference in the interbracket distances between these brackets. These results are comparable with Fansa et al. (36) who measured the efficiency of alignment of the upper central incisor with different archwires (BioStarter ® 0.012″, 0.016″; Titanol ® Low Force 0.016″ × 0.016″ and 0.016″ × 0.022″) with several self-ligating and conventional brackets as well. They found that the type of ligation, whether self-ligating (active or passive) or conventional labial brackets play a secondary role in incisor position correction. They found over-correction or nearly complete correction of anteroposterior correction was related to torque movement in the range of 7.5 to 12 degrees (36) . We have also observed over-correction in our study with some labial brackets that could be due to the fact that the forces were applied eccentrically to the centre of resistance, which of course is due to the labial location of the brackets to the centre of resistance of the central incisor. As the forces have an extrusive effect, a lingual crown torque is generated in combination with the lever arm and the bracket apparently displays larger movement and overcorrection.
When the archwire diameter had increased from 0.013″ to 0.014″, it did not increase in the amount of correction achieved for either lingual or labial brackets as it might be expected ( Table 3 ). The maximum observed increase in correction of the malaligned upper incisor with the 0.014″ archwires was 22 per cent compared to the 0.013″ archwires (Table 3) . On the other hand, a maximum of 10 per cent decrease in the alignment correction was observed with increasing the archwire diameter from 0.013″ to 0.014″. These results are in agreement with those reported by Montasser et al. (37) . They found that increasing the diameter of the archwire from 0.014″ to 0.016″ did not increase in the amount of incisor position correction. This could be due to the nature of the in vitro system where only the wire and one tooth can move, the bigger the wire the more stiff it is and therefore the more prone to produce a notch at the corners of the bracket adjacent to the incisor bracket displaced, reducing the efficacy of the movement. This could be also explained by the higher friction in the adjacent brackets with higher archwire diameters. Additionally, increasing the wire dimension could have limited the wire play in the bracket slots, which may have produced a minor difference affecting the efficacy of tooth movement. Future studies shall be planned to evaluate efficacy and force levels exerted by similar archwires in combination with labial versus lingual brackets with same (0.018″) slot sizes.
Conclusion
1. This study showed that the lingual brackets were less efficient in correcting initial tooth alignment than in the labial brackets. 2. No relevant differences were found for the efficacy of tooth alignment correction between active or passive self-ligating brackets and conventional brackets for either labial or lingual brackets.
